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Bandwidth dependence of the
heterodyne efficiency in low coherence

interferometry

C. Mujat and A. Dogariu

School of Optics, University of Central Florida, P.O. Box 162700, Orlando, FL, USA
adogariu@mail.ucf.edu

Abstract: The effect of radiation bandwidth on the heterodyne detec-
tion process is discussed. We show that, although neglected in current
formalisms, the spectral changes induced by the scattering process are
decreasing the heterodyne detection efficiency. This effect depends on the
bandwidth of the radiation used.

© 2004 Optical Society of America

OCIS codes:(290.0290) scattering, (040.2840) heterodyne, (170.4500) optical coherence to-
mography
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Low-coherence interferometry, also known as optical coherence tomography (OCT) [1] is an
optical technique that has been greatly developed over the last years, in response to the increas-
ing interest in noninvasive techniques for in-vivo tissue imaging and characterization. Based on
the different scattering properties of tissue constituents, this technique acquires a backscattering
map of the tissue sample which is inherently related to the tissue morphology and physiology.
However, extracting such quantitative information from an image is not straightforward, es-
pecially for highly scattering tissues. Not only the multiple scattering and interference effects
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decrease the image contrast but, as we will see in the following, the detection process is also
influencing the outcome. In an attempt to improve the depth resolution of this interferometric
technique, the bandwidth of the incident radiation has been increased considerably. In spite of
this trend, all of the models introduced to explain OCT images of heterogenous tissue, use a
quasimonochromatic description of the heterodyne detection process [2, 3, 4]. Although this
might not be a problem when the bandwidth is small compared to the central wavelength (for
example∆λ = 30nm centered atλ0 = 800nm), one must cautiously describe the process for
larger bandwidths.

In this work we address the problems that arise in OCT due to different spectral composition
of the reference and the sample beams. Dispersion, absorption, and scattering processes in
the tissue are all sources of differences between the spectral compositions of the reference
and sample beams. They are generally system specific and, at least for the scattering process,
their effect is not obvious. Let us take for instance the process of building an OCTen-face
image which requires scanning the sample beam across the tissue. In this case, the contrast
between different regions is given by the specific scattering properties (reflectance) of each
region. However, such regions are usually highly structured and spatially inhomogeneous and
they could lead to different spectral compositions of the scattered beam. In other words, the
contrast between different regions will be system specific. To compensate for dispersion effects
in optical fibers and refractive optics more or less elaborated schemes have been developed
and integrated in OCT systems [5]. On the other hand, accounting for dispersion, absorption
and scattering induced effects in the sample implies a priori knowledge of the properties of the
investigated tissue.

For the purpose of this study we will limit the discussion to scattering induced-changes in the
heterodyne detection efficiency. Following the heterodyne efficiency definition given by Osche
[6], and assuming that the responsivity of the detector is uniform across the wavelength range
of interest we consider the heterodyne efficiency of a polychromatic interferometric system to
be

η =

∣∣∣∫ √
S0(ω)S(ω)dω

∣∣∣2∫
S0(ω)dω

∫
S(ω)dω

, (1)

whereS0(ω) andS(ω) are the spectral densities of the reference and sample beam, respec-
tively. Of course, in general,η ≤ 1 and the equality holds only when the sample beam is not
spectrally modified, i.e. whenS(ω) = αS0(ω). For most practical situations howeverS(ω) =
M(ω)S0(ω), and η < 1. The spectral modifierM(ω) describes the spectral changes in the
sample beam and although the instrument dependent dispersion effects can also be included
in M(ω), they are not considered here because they can be easily accounted for by instrument
calibration. We thus consider thatM(ω) describes only the scattering induced changes. In anal-
ogy with the mixing theorem, that states that for any mismatch in phase and amplitude between
the local oscillator and the signal beam, the detected signal will be less than optimal, the above
definition in Eq.(1) implies that any mismatch between the spectral density of the reference and
sample beams will decrease the signal detected in the heterodyne process.

Not long ago, a number of situations have been described where correlated scattering induces
spectral changes [7]. To obtain the wavelength dependent spectral modifier for situations perti-
nent to tissue constituents we will follow the procedure outlined by Dogariu and Wolf [8], that
describes the spectrum of the light scattered by a static system of particles at a distancer to be
given by

S(ru,ω) =
1
r2

〈∣∣∣F̃(k(u−u0),ω)
∣∣∣2〉S0(ω), (2)
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whereF̃(k(u−u0),ω) is the three dimensional Fourier transform of the scattering potential,
andu andu0 are the scattering and the illumination directions, respectively. As the OCT sys-
tems acquire a backscattering map of the tissue, we only deal in this study withu = u0, no other
angularly dependent chromatic effects are considered.

To illustrate the influence of the scattering-induced spectral changes on the heterodyne de-
tection efficiency, let us consider systems of identical, spherical particles, illuminated with an
incident field whose spectrum is Gaussian, centered atλ = 800nmand has a variable bandwidth
(∆λ = 50−150nm). As OCT is mainly used for tissue characterization, the properties of the
scattering media were chosen to be close to those of typical tissue [9], with average refractive
index contrast 1.05 (1.42 - scattering centers; 1.354 - background medium), and sizes from
50nmto 25.6µm (organelles - hundreds ofnmsize; cell nuclei -µmsize). As the concentration
of the scattering centers in biological tissue is sometimes very high, correlated scattering was
taken into account, in this case by means of the Percus-Yevick approximation for the structure
functionY(u). A measure of the degree of correlation between the fields scattered by individual
scattering centers, the structure function is dependent on the relative positions of the scattering
centers [10]

Y(u) =N
i, j=1 exp(−iu · (r i − r j)) (3)

where r i denotes the position of thei scattering center. After ensemble averaging over the
scattering volumeV, the structure factor can be calculated as

Y(u) = 1+ < exp(−iu · (r i − r j)) >= 1+ρ

∫
G(r)exp(−iu · r)dr (4)

whereG(r) is the pair correlation function, that describes the statistical properties of the spatial
arrangement of the scattering centers, andρ is the scattering centres concentration. In a Percus-
Yevick approximation for the structure function, the three dimensional Fourier transform of the
scattering potential is∣∣∣F̃(k(u−u0),ω)

∣∣∣2 = | f1(u,u0;ω)|2 =
σt

4π
pPY(u,u0;ω) (5)

wheref1(u,u0;ω) is the scattering amplitude (generally complex) of the scattering center in the
directionu when illuminated fromu0, andpPY(u,u0;ω) is the Percus-Yevick modified phase
function defined as the product between the single scattering phase function and the structure
factorY(u) of the scattering system

pPY(u,u0;ω) = p(u,u0;ω)Y(u). (6)

The scattering-induced spectral changes, calculated in these conditions for various volume
fractions of 200nm radius scatterers are presented in Fig.1. It is clearly seen that the spectrum
of the incoming radiationS0(ω) is dramatically modified due to scattering; it changes from a
Gaussian shape to a two-lobed distribution. Moreover, note that the collective scattering effects
influence the shape of the scattered spectrum as well. As can be seen, the spectral density for
5% volume fraction is quite different than the one corresponding to 45% volume fraction.

As a consequence of the concentration dependent spectra of the scattered light, the hetero-
dyne detection efficiency changes also with the concentration as shown in Fig. 2. Note that
the efficiencyη decreases with more than 10% as the spectral width of the incoming radiation
increases, indicating that precautions must be taken when increasing the spectral width of the
source. Calculating the efficiencyη as a function of the volume fractionf (%) for different
scattering systems, we have also determined that this variation is influenced by the size of the
scattering centers and the refractive index contrast.
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Fig. 1. Spectrum of the scattered light for monodisperse systems of scatterers with radius
of 200nmand two different volume fractions of 5% and 45% as indicated. For comparison,
the spectrum of the incident lightS0 is also included (∆λ = 100nm).
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 Fig. 2. Heterodyne detection efficiency evaluated from Eq.(1) as a function of the volume

fraction of the scattering centers (200nm radius; 1.05 refractive index contrast). The three
curves represent the detection efficiency for different spectral widths∆λ of the incident
beam as indicated. The inset presents the heterodyne detection efficiency versus the spectral
width of the incident radiation, for two different concentrations of scatterers 45% (triangles)
and 5% (circles).

To illustrate the effects of the scattering-induced spectral changes on the contrast detected
between regions with different scattering properties we considered two different OCT imag-
ing scenarios: (a) a system of identical scatterers with the volume fraction varying across the
detected plane and (b) different systems of scatterers. As an OCT image is built by scanning
the sample beam onto the tissue, transversally, pixel by pixel, this contrast is a measure of the
image quality. Not only the contrast needs to be high in order to discern between different tis-
sue constituents, but its value should also be representative of the difference in the scattering
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 Fig. 3. Image contrastsChet andCbks versus the bandwidth of the incident radiation. Re-

gions 1 and 2, as indicated in the inset, have scattering centers of the same size 2.5µm but
different volume fractions: 5% and 45%, respectively. The relative refractive index between
the scattering centers and the background isns/nb = 1.05.

properties when a quantitative analysis is desired. In a direct backscattering measurement, the
optical contrast between two regions with different scattering properties is determined by eval-
uating the differences in the backscattering cross-section per unit area of the region (considered
to be a slab of thickness equal to the coherence lengthlc of the incident radiation)

Cbks=
∣∣∣∣Rb1−Rb2

Rb1 +Rb2

∣∣∣∣ , (7)

where

Rb =
σb

2σt
[1−exp(−2ρσt lc)] (8)

andσbandσt are the backscattering and the extinction cross sections, respectively. The scatte-
ring cross-sections are integrated over the entire wavelength range and the density of scatterers
is denoted byρ. Similar to Eq. (7), the contrast for the heterodyne detection process can be
calculated as

Chet =
∣∣∣∣Rhet1−Rhet2

Rhet1 +Rhet2

∣∣∣∣ (9)

whereRhet represents the heterodyne signal detected with the corresponding efficiency as de-
fined in Eq. (1).

The image contrasts obtained by either heterodyne detectionChet or by a direct backscattering
measurementCbks, are presented in Fig. 3 and Fig. 4 for the two sensing scenarios described
above. The sizes and refractive index contrast used have been chosen to be representative for
tissue constituents (organelles - hundreds ofnm size; cell nuclei -µm size). The scattering
coefficients for these systems areµs = 5−40mm−1 for 200nmsize of the scattering centers, and
µs = 40−400mm−1 for 2.5µm size of the scattering centers, values similar to those measured
in human tissue [9, 4].

As shown in Fig. 3 and Fig. 4, the contrast determined by the heterodyne detection between
regions with different optical properties is quite different in magnitude from the one obtained in
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 Fig. 4. Image contrastsChet andCbks versus the bandwidth of the incident radiation. Re-
gions 1 and 2 have same volume fractions of the scattering centers (5%) but different sizes:
0.2µmand 2.5µm, respectively. The relative refractive index between the scattering centers
and the background isns/nb = 1.05.

a direct backscattering measurement. Moreover, one can see that the contrast variation with the
bandwidth is different for the two methods of detection, hence this effect needs to be carefully
accounted for in a quantitative assessment of the heterodyne image.

The present treatment did not include any depth degradation effects due to the multiple scat-
tering processes and loss of spatial coherence of the sample beam, as described by Levitzet al.
[4]. However, these effects could be included in a generalization of this formalism in the space
frequency domain.

Our results demonstrate that, although neglected in current formalisms, the spectral changes
induced by scattering alone will in general decrease the detection efficiency in a heterodyne
detection process. The effect is stronger when the bandwidth of the incoming radiation is in-
creased and it is dependent on the specific scattering system. The bandwidth dependence needs
to be carefully considered when OCT techniques are to be used as a quantitative tool for char-
acterizing inhomogeneous media.
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